The thermo-magnetic effect in metals detected and measured using a sensitive magnetometer. It is shown that the magnetic field induced by this effect in metals is directly proportional to the temperature gradient and the metal conductivity and inversely proportional to the temperature squared.
1 The ≪convection≫ in electron gas of metals.
Initially the process of the heat transfer in electron gas of metals was originally described by Drude [1] . Late the Drude's model has been enhanced by Lorentz and Sommerfeld. These models does not predict any thermomagnetic effects in metals (the Nernst-Ettinshausen and Righi-Leduc thermomagnetic effects are observed in semiconductors only). However, the measurements which was carried out with sensitive magnetometers are forcing us to reconsider this mechanism.
Measurements show that the application of the temperature gradient to the metal rod causes the generation of magnetic field. The configuration of this field indicates that the inside of this cylindrical rod over its opposite sides electric currents flow directed towards each other (see Fig.1 ).
The question arises: how the temperature gradient vector can cause circulation current of electrons? And this rotor of the current and the temperature gradient vector are orthogonal.
The answer lies in the fact that within the metal, there are two different groups of electrons. They carry multidirectional currents, as the temperature gradient has the opposite direction of action for they.
The thermo-electric effect in a metal.
The total density of collectivized electrons in a metal n e = zn i , where z is the number of conducting electrons on a metal ion (the valence), n i is the ion density in a metal.
As it was noted by A.Sommerfeld, all collectivized electrons of a metal can be divided into two groups.
At equilibrium at temperature T above the Fermi level in the energy distribution, there are non-degenerated electrons with density n a , which are activated by a heat.
Degenerate conducting electrons that occupy the energy levels below the Fermi level have a density n c = n e − n a .
Thermally activated non-degenerate electrons, which occupy energy levels lying above the Fermi energy, have the density:
They have the ability to descend from one energy level to another, and so they can transfer the heat at their moving in the metal. Due to the fact that we consider the metal at room temperature (T ≪ T F ), the first group of the conduction electrons includes almost all collectivized electrons n c ∼ = n e . These electrons can not be involved in a process of a heat transfer. But, if the electric field exists inside the metal, they create a current. And they determine the electrical conductivity of a metal.
If the temperature gradient ∇T is attached to a metal rod, it will activate a thermal current of electrons from a hot region, where the electrons have higher speed and higher pressure.
Thermally activated electron betrays a transferring heat to the lattice due to inelastic collisions with phonons. Therefore, the free path of hot electrons between two successive collisions with phonons is inversely proportional to the phonon density n ph :
Where S is the electron-phonon scattering cross section. Due to the fact that we consider the metal at room temperature, and given the fact that the Debye temperature in most metals is of the same order of value, we can assume that
The energy of the phonon gas in the Debye approximation [2] E ph = 3π
where T D is the Debye temperature. The phonon energy is approximately equal to kT , so their density can be described by:
Subject to Eq.(3) phonons limit the mean free path of "hot" electrons by the value:
As the velocity of collectivized electron is approximately equal to the Fermi velocity, the free path of electrons between two successive collisions with phonons is:
To calculate the average velocity of the electrons we assume that two nondegenerate electrons coming from hot end and cold ends of a rod are thermalized in the point x inside this metal rod. If the difference in their velocities are small, their average speed in the one-dimensional model can be written as:
Turning to the case of three dimensions, we can write [1] :
Where
is the Sommerfeld's heat capacity of electron gas, where m e is the electron mass. Given that electrons are passed to the point of the energy exchange from the distances which are equal to the mean free path, the velocity of thermal diffusion averaged over the whole electron gas becomes:
The considered heat flow induces the electron current
and creates inside the metal rod the Seebeck's electric field:
under the action of which there occurs a reverse flow of electrons:
where σ is the conductivity of a metal. The average velocity of electrons in this current [1] :
There τ e is the free time of electrons moving in an electric field. The temperature dependence of this time is calculated in a number of courses on the theory of metals (see eg [4] ) and it is approximately described by the equation:
Hence we obtain
and taking into account that j + + j − = 0, we obtain the expression for the Seebeck coefficient:
1.2 The Wiedemann-Franz law.
The Wiedemann-Franz law establishes the relationship between the electrical conductivity of the metal and its thermal conductivity. The compliance of obtained estimations with this law should indicate on their correctness. Let us check this criterion. The thermal conductivity of gas is determined by the heat capacity C of the environment that takes the heat from the hot gas particles, the gas particle velocity v and the length of its free path l [2] :
In the case of atomic or molecular gas the thermal conductivity is determined by their specific heat. The case of an electron gas is more complicated. The electron-electron interaction is weak in metals and the main mechanism of heat transfer is the electron-phonon interaction. The "hot" electrons transfer their energy to phonons. The phonon gas is the medium that takes the energy from the electrons. So in this case the specific heat of the phonon gas determines the electron gas thermal conductivity, which according to Eq.(4) approximately described by the equation:
In view of the mean free time of non-degenerate electrons Eq.(7), we get:
Taking into account Eq.(16), we have:
and thus we obtain the ratio:
which is in good agreement with the Wiedemann-Franz law.
The electron convection in metals.
Therefore, the gradient of the heat in the metallic rod with the conductivity σ induces the current density:
The magnetic interaction repels the electric currents if they flow in opposite directions. Therefore, in the case of a cylindrical specimen, the ends of which have different temperatures, currents j + and j − must flow through the diametrically opposite sides of cylinder (Fig.1 ).
1
Currents which was created by the gradient of the heat induce near the outer surface of the cylinder the magnetic field with intensity:
where the constant
where R is the radius of cylinder.
The measurement results
When the temperature gradient of about 1 grad cm , which is not too difficult to create on a copper sample at room temperature, the induced magnetic field near the sample surface may reach 10 −3 Oe, and it is not necessary to use a highly M Figure 1 : Currents induced by the temperature gradient in cylindrical metallic sample; M -the magnetometer.
sensitive SQUID-magnetometer for its observation with which this effect was first observed by us. The fluxgate-magnetometer is more simple, is more suitable for measurements in room temperature range and has quite enough sensitivity.
In our experiments [3] , the fluxgate-magnetometer was placed near the middle of the metallic cylinder height. The temperature gradient was applied to cylinder. The temperatures of its ends was automatically measured at frequent intervals to determine the temperature gradient and the average temperature of the cylinder. The cylinder can rotate around its axis and fixed in a selected position for the registration component of the magnetic field perpendicular to the cylinder axis (see Fig.1 ).
The determining of the "convective loop of current" orientation
The first step in the investigation of the phenomenon of "convection" in the electron gas was the determination of the "loop of current" orientation inside the cylindrical sample. To do this, the cylinder has consistently turned a small angle (approximately equal to 15 o ) and measuring the projection of the induced field on the axis magnetometer was made. The measurement results are shown in Fig. 2 . As it can be seen, the angular dependence of the induced field has the sinusoidal character. The shift in the angle for different samples in this figure due to the fact that in each case, the measurement started with The angular dependence of the induced "convective" magnetic field, referred to the conductivity of the metal. The shift in the angle for different samples in this figure due to the fact that in each case, the measurement started with an arbitrary angular orientation of the cylinder. The angle of turnabout of the sample is shown on the horizontal axis. The induced magnetic field, referred to the conductivity of the metal, is shown on the ordinate.
an arbitrary angular orientation of the cylinder.
After these measurements, the risks were deposited on the surface of the cylinder to denote the "loop of current" orientation.
Subsequent measurements were made at the particular orientation of the "loop of current" , at which the maximum of the field was obtained.
It should be emphasized that the position of "the convectional loop of current" inside the cylinder during the entire measurement period remained unchanged.
Special efforts to change the orientation of the "loop of current" have been made: a) the significant hardening at the end face of the cooper cylinder was made with a hammer, b) a step at the end face of the cylinder was manufactured on the milling machine, c) the copper cylinder was first heated to about 500 o C and then cooled either slowly or by quenching in water.
There was no any visible effect of these procedures on the "loop of current" orientation and the reason why "the convectional loop of current" has a continuing orientation in the cylinder remained unclear.
It should be noted, that in one of the cooper cylinder, "the convectional loop of current" was not originally found. But the normal effect appeared after a few light taps with a hammer on the end face of the cylinder.
The "convection" of electron gas in different metals
The thermo-magnetic effect was measured on four cylinders with the diameter of 30 mm and the length of about 150 mm from copper, duralumin, niobium and titanium. The linear dependence of the "convective" magnetic field from the applied temperature gradient is observed for all these metals (Fig. 3) .
Table (1).
The thermo-magnetic effect in long cylinders with R = 1.5 cm at T ≈ 300K. These measurements showed that the above estimate of the magnetic field induced by the heat flux is quite satisfactory agreement with measured data (see Table( 1)).
The temperature dependence of induced magnetic field
The inverse quadratic dependence of the "convective" magnetic field which was predicted by Eq.(25) was tested on the copper sample. As it can be seen from Fig.4 , the agreement of the observed data with the theoretical estimation can be considered satisfactory.
Conclusion
The above described thermo-magnetic effect is significant for good conductors. It can interfere with the study of other phenomena, where small magnetic effects in conductors are measured at the presence of temperature gradients. It can be assumed that this effect was observed previously in a number of measurements made with the help of high sensitive SQUID-magnetometer.
For example, in [5] , we measured the small magnetic field resulting from rotation of the metal sample and it was proportional to its speed of rotation. It was supposed that this small field could be an effect of the inertial forces of rotation. However, it might seem that it was the result of excessive friction in one of the cryogenic bearings. The friction in one of bearing could create a temperature gradient on the metal sample and could induce "the loop of current" .
In [6] , SQUID-magnetometer measured the magnetic field which was produced by a twisting of the metallic crystals to which the temperature gradient was applied. It was evident from the frequent conversation with the author of this work that it can not be excluded that at torsion there was a small bending of the sample. This bending was altering the projection of "the loop of current" on the axis of the SQUID-magnetometer, but this effect was interpreted as the field of twisting.
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